Abstract: This paper reports the minerals in an argillized tuff from the Lvshuidong mine, Huayingshan Coalfield, southwestern China. The clay assemblages of the samples are mainly kaolinite, varying proportions of illite and trace chlorite. Other minerals include various proportions of pyrite, small proportions of carbonates (calcite and ankerite), anatase, rutile, hematite, florencite and rare analcite. The clay mineralogy of the tuff profile changes vertically due to the change in the depositional environment. Although illite is minor in the middle and lower parts of the profile, it is relatively abundant in a few topmost samples where the proportion of illite is comparable to that of kaolinite. This is probably because the original volcanic ash was mainly deposited in a continental environment, but marine water may have percolated to the uppermost layers of the ash bed during early diagenesis, leading to the formation of concretions of concentric rings of kaolinite and illite. The samples of this study are derived from alkali mafic volcanic ash with relatively high concentrations of critical metals, including Nb, Ta, Zr, Hf, rare earth elements and Y.
Introduction
The Emeishan flood volcanism not only results in dominant basaltic lavas and subordinate pyroclastic rocks, but also flows and tuff of trachytic and rhyolitic composition in the west sub-province [1] [2] [3] . To the east of the Kangdian Upland, within the central Emeishan large igneous province, a tuff occurs as a possibly correlative band in a wide area covering western Yunnan, southern Sichuan, western Guizhou and Chognqing, where many major coalfields occur in this area (e.g., Songzao, Huayingshan and Zhongliangshan coalfields) ( Figure 1 ). The thickness of the tuff varies from 0.2-21 m, commonly 3-5 m [4] , representing a pyroclastic fall associated with the Emeishan flood volcanism. The tuff band can have various mineralogical and geochemical compositions due to different degrees of alteration. For example, Kramer et al. [5] showed that tuff bands from the Sydney Basin represent several cycles of eruptive activity and deposition resulting in a combination of pyroclastic fall, flow and surge with different chemical fingerprints.
Previous studies [9, 12] have reported the mineralogy and geochemistry of the coal and host rocks (roof and floor strata of coal-seams) from the Huayingshan Coalfield, Sichuan Province, SW China. The coals in this coalfield have been reported to be significantly enriched in critical metals including Zr, Nb, Hf and REY, which are attributed to alkali intra-seam tonsteins and hydrothermal solutions [9] . It has been reported that not only the tonstein-bearing coals, but also the associated noncoal strata distal to coal seams and that underlying the coal seam are enriched in those critical metals [9] ; however, the sources and enrichment mechanisms of critical metals in the underlying tuff are not clear.
The present paper reports mineralogical and geochemical characteristics of the altered mafic volcanic ash from the Huayingshan Coalfield and discusses the geological factors responsible for the enrichment of the critical metals and mineral compositions. It also aims to verify the mafic chemical composition of the tuff and to evaluate the possible economic significance of the critical metals in the samples. The argillized tuff bed at the lowermost Longtan Formation is widely distributed in SW China, so that this study is expected to provide additional information on the depositional environment of the large area.
Geological Setting
The Huayingshan Coalfield is located in the southeastern Sichuan Province, SW China ( Figure 1 ). The coal-bearing sequences of the coalfield are Lopingian Longtan Formation (Figure 2 ), which is mainly composed of flint-bearing limestone, mudstone, siltstone, sandstone and 2-3 coal seams. The lowermost coal seam in the Huayingshan Coalfield, which is indexed as K1, is also well developed in the Lopingian strata of other coalfields in SW China. For example, the K1 coal seam of the Huayingshan Coalfield is correlated to the No. 25 coal seam in the Guxu Coalfield and the No. 12 coal seam in the Songzao Coalfield ( Figure 1) .
A tuff layer with a thickness of mostly 2-5 m, light-grey or light-grey-white in color, lies at the lowermost level of the Longtan Formation in the Huayingshan Coalfield. This tuff is locally named as "bauxite" in the field lithologic descriptions. The tuff bed is disconformably underlain by the Previous studies [9, 12] have reported the mineralogy and geochemistry of the coal and host rocks (roof and floor strata of coal-seams) from the Huayingshan Coalfield, Sichuan Province, SW China. The coals in this coalfield have been reported to be significantly enriched in critical metals including Zr, Nb, Hf and REY, which are attributed to alkali intra-seam tonsteins and hydrothermal solutions [9] . It has been reported that not only the tonstein-bearing coals, but also the associated non-coal strata distal to coal seams and that underlying the coal seam are enriched in those critical metals [9] ; however, the sources and enrichment mechanisms of critical metals in the underlying tuff are not clear.
A tuff layer with a thickness of mostly 2-5 m, light-grey or light-grey-white in color, lies at the lowermost level of the Longtan Formation in the Huayingshan Coalfield. This tuff is locally named as "bauxite" in the field lithologic descriptions. The tuff bed is disconformably underlain by the Maokou Formation, which is a limestone unit of Guadalupian age. The Longtan Formation is conformably overlain by limestones of the Changxing Formation in the studied area. The Changxing Formation is in turn overlain by the Triassic sediments (the Feixianguan Formation). A regression, related to the so-called Dongwu Movement, which is a regional uplift event in SW China at the late Guadalupian age, exposed the Yangtze Block and resulted in a depositional hiatus. Subsequently, the elevated Maokou Formation limestone was subjected to intensive erosion. A mafic volcanic eruption then occurred, and volcanic ash fell on to the eroded surface of the Maokou Formation [13] .
Extensive transgression, occurring probably during or after the main Lopingian eruption phase of the Emeishan basalts [3] , resulted in the thick carbonate and siliciclastic deposits of the Xuanwei and Longtan Formations in eastern Yunnan and western Guizhou, respectively. These strata unconformably overlie the Emeishan Basalts, except in local areas of eastern Chongqing and western Guizhou, where the Longtan Formation directly rests on the erosional surface of the Maokou Formation.
The Lopingian coal-bearing sequences in SW China were deposited within a range of facies spanning from fluvial, through continental-marine transitional, to marine carbonate platform environments [13] . According to Dai et al. [4] , before the deposition of the K1 coal seam in the Huayingshan Coalfield, the paleogeographic environment of the area was mainly a tidal flat. After the accumulation of the peat of K1 coal seam, transgression occurred in the eastern coalfield [13] , and the studied area was again mainly occupied by a tidal flat environment [4] .
Samples and Analytical Techniques
Twenty argillized tuff bench samples were collected from a working surface of the Lvshuidong mine, Huayingshan Coalfield. The tuff bed is generally massive bedding, light-grey or A regression, related to the so-called Dongwu Movement, which is a regional uplift event in SW China at the late Guadalupian age, exposed the Yangtze Block and resulted in a depositional hiatus. Subsequently, the elevated Maokou Formation limestone was subjected to intensive erosion. A mafic volcanic eruption then occurred, and volcanic ash fell on to the eroded surface of the Maokou Formation [13] .
Twenty argillized tuff bench samples were collected from a working surface of the Lvshuidong mine, Huayingshan Coalfield. The tuff bed is generally massive bedding, light-grey or light-grey-white in color, with a conchoidal fracture and a soapy feel. The total sampled thickness of the profile is 2 m, 10 cm for each bench sample. These samples are named 1 to 20 from top to bottom. Due to the underground working condition, the top and bottom parts of the tuff bed were not accessible and thus not sampled.
Each sample was also ground to fine powder (about 200 mesh) and split into representative portions for mineralogical and geochemical analyses. The fine powders of the samples were subjected to X-ray diffraction (XRD) analysis, using a Rigaku D/max-2500/PC powder diffractometer with Cu-Kα radiation and a scintillation detector. Mineralogical compositions were quantified from the X-ray diffractograms of tuff samples using the Rietveld-based Siroquant™ software developed by Taylor [14] . More details related to the use of the Siroquant technique for coal and non-coal materials from coal-bearing sequences are given by Ward et al. [15] , and many studies have indicated the reliability of this technique (e.g., [15] [16] [17] O 5 ) in the ashes (815 • C) of the powder samples were determined by X-ray fluorescence spectrometry (XRF; ARL ADVANT'XP+). Concentrations of most trace elements in the samples were determined by inductively-coupled plasma-mass spectrometry (ICP-MS). Prior to ICP-MS analysis, the samples were subjected to microwave dissolution in a mixed acid. For each sample (50 mg), the digestion reagent was a mixture of 2 mL 65% HNO 3 and 5 mL 40% HF. Description of the ICP-MS techniques for determination of trace elements in rock samples have been discussed by Dai et al. [18] . Fluorine in the samples was determined using a pyrohydrolysis/fluoride ion-selective electrode technique. Mercury in the samples was analyzed using a Milestone DMA-80 Hg analyzer (Milestone, Milan, Italy); the detection limit of Hg is 0.005 ng, and the linearity of the calibration is in the range 0-1000 ng.
Thin-sections and/or polished sections were also made from chips of selected samples. Thin-sections were subjected to petrographic analysis using a Leica DM4500P polarizing microscope equipped with Leica LAS digital imaging software. The minerals in the polished sections were studied using a field emission-scanning electron microscope (FE-SEM, FEI Quanta™ 650 FEG, FEI, Hillsboro, OR, USA), equipped with an EDAX energy-dispersive X-ray spectrometer (EDAX, Mahwah, NJ, USA). Prior to the SEM examination, specimens were coated with carbon to avoid charging effects and then mounted on an aluminum stub, with carbon tape being used to ensure good electrical contact between the specimen and the stub.
Results and Discussion

Comparison between Mineralogical and Chemical Data
Quantitative mineralogical results from XRD analysis and Siroquant interpretation for the tuff samples from the Lvshuidong mine are given in Table 1 . Major element geochemical data of high temperature ashes (HTAs), based on XRF analysis, as well as trace element geochemical data are given in Table 2 .
The relationship between the chemistry of HTAs and mineralogy was studied to check the reliability of the quantitative XRD data, following the calculation procedure described by Ward et al. [19] . The chemical composition was modified for each sample by deducting the CO 2 and H 2 O + to derive an equivalent to an ash analysis. The actual chemical composition determined by XRF was also normalized to an SO 3 -free basis. The correlations of major oxides are shown in Figure 3 .
The plots for Al 2 O 3 , SiO 2 and Fe 2 O 3 of the tuff samples show a high degree of correlation between the respective proportions from the XRD + Siroquant analysis and chemical data. This indicates that Siroquant gives consistent results for those major minerals (e.g., kaolinite, illite and pyrite) that contribute to the major element oxides in the analyzed rocks. A relatively strong correlation is also observed for the plots of TiO2, K2O and P2O5, with all of the points being relatively close to the 1:1 diagonal line ( Figure 3 ). This indicates that Siroquant also gives consistent results for those minor minerals (anatase and florencite). The plot for CaO shows a relatively broad scatter, with most of the points being under the equality line. This indicates that carbonate minerals are relatively underestimated by the quantitative techniques. Ca ions may also have been absorbed on clay minerals. Titanium may partially occur as a separate Ti-bearing phase (nano particles) precipitated in conjunction with kaolinite [20] . Such a phase is difficult to identify by XRD, which leads to an underestimation of TiO2 by XRD relative to the chemical analysis.
Minerals in the Samples
The mineral assemblage in the samples is dominated by kaolinite, varying proportions of illite and pyrite and small proportions of carbonates (calcite and ankerite), anatase, rutile, florencite, A relatively strong correlation is also observed for the plots of TiO 2 , K 2 O and P 2 O 5 , with all of the points being relatively close to the 1:1 diagonal line ( Figure 3 ). This indicates that Siroquant also gives consistent results for those minor minerals (anatase and florencite). The plot for CaO shows a relatively broad scatter, with most of the points being under the equality line. This indicates that carbonate minerals are relatively underestimated by the quantitative techniques. Ca ions may also have been absorbed on clay minerals. Titanium may partially occur as a separate Ti-bearing phase (nano particles) precipitated in conjunction with kaolinite [20] . Such a phase is difficult to identify by XRD, which leads to an underestimation of TiO 2 by XRD relative to the chemical analysis.
The mineral assemblage in the samples is dominated by kaolinite, varying proportions of illite and pyrite and small proportions of carbonates (calcite and ankerite), anatase, rutile, florencite, jarosite and bassanite. Figure 4 shows the XRD patterns of selected samples. Quartz is either below the detection limit or present only in a trace proportion. Figure 5 illustrates the vertical trends in abundance of different minerals in the tuff band. Vitroclastic texture is not evident in thin-sections, due to complete devitrification. Kaolinite and illite in the samples are products of devitrification and make up most of the rock groundmass. No other volcanogenic minerals (e.g., quartz, biotite or sanidine) were observed under the optical microscope or the SEM. jarosite and bassanite. Figure 4 shows the XRD patterns of selected samples. Quartz is either below the detection limit or present only in a trace proportion. Figure 5 illustrates the vertical trends in abundance of different minerals in the tuff band. Vitroclastic texture is not evident in thin-sections, due to complete devitrification. Kaolinite and illite in the samples are products of devitrification and make up most of the rock groundmass. No other volcanogenic minerals (e.g., quartz, biotite or sanidine) were observed under the optical microscope or the SEM. 
Clay Minerals
Kaolinite mainly occurs as groundmass (Figures 6 and 7 ) and, to a lesser extent, as vermicular aggregates, which have probably formed after the biotite group ( Figure 6A ) and pumice clasts or micro-lapilli (chalazoidite) (Figure 6B-D) . XRD patterns show a relatively poorly-ordered structure of the kaolinite in the samples, which reflects the fine poorly-crystallized kaolinite in the groundmass. Kaolinite veins ( Figure 7E ) also occur, indicating an epigenetic origin.
Illite occurs almost in all of the samples, but is relatively abundant in the samples from a few topmost samples of the profile. In those samples, kaolinite formed as a basic product of the alteration of micro-lapilli, while illite commonly accentuated their rims ( Figure 7A,B) . To a lesser extent, illite jarosite and bassanite. Figure 4 shows the XRD patterns of selected samples. Quartz is either below the detection limit or present only in a trace proportion. Figure 5 illustrates the vertical trends in abundance of different minerals in the tuff band. Vitroclastic texture is not evident in thin-sections, due to complete devitrification. Kaolinite and illite in the samples are products of devitrification and make up most of the rock groundmass. No other volcanogenic minerals (e.g., quartz, biotite or sanidine) were observed under the optical microscope or the SEM. 
Illite occurs almost in all of the samples, but is relatively abundant in the samples from a few topmost samples of the profile. In those samples, kaolinite formed as a basic product of the alteration of micro-lapilli, while illite commonly accentuated their rims ( Figure 7A,B) . To a lesser extent, illite 
Illite occurs almost in all of the samples, but is relatively abundant in the samples from a few topmost samples of the profile. In those samples, kaolinite formed as a basic product of the alteration Although sometimes being observed under the optical microscope, chlorite is generally below the detection limit of the quantitative XRD techniques except one sample (3) . Chlorite occurs as a core of the concretions ( Figure 7D ) that formed probably after the original volcanic material. occurs as a core of the concretions ( Figure 6B ,C). Smectite is also observed under the optical microscope inside the illite-rimmed clasts of altered volcanic glass ( Figure 7C ). Although sometimes being observed under the optical microscope, chlorite is generally below the detection limit of the quantitative XRD techniques except one sample (3) . Chlorite occurs as a core of the concretions ( Figure 7D ) that formed probably after the original volcanic material. 
Pyrite
Pyrite occurs in significant proportions in the upper and lower parts of the tuff section. Pyrite commonly occurs as euhedral crystals ( Figure 8A ) either in the groundmass or postdating early-formed concretions ( Figure 8D ). It also occurs as overgrowth on the clay concretions ( Figure 8C,D) and as a nucleus of the surrounding clay minerals ( Figure 8B ). Some rounded pyrite might be replacement after some organics ( Figure 8B ).
Carbonate Minerals
Carbonate minerals, including calcite and ankerite, are present in all of the Lvshuidong tuffs, although in minor proportions. Carbonate minerals replacing the previously-formed concretions are common ( Figure 8B,E,F) . 
Pyrite
Carbonate Minerals
Anatase and Rutile
Anatase and rutile persistently occur in all the tuff samples in relatively significant proportions, with the former being more abundant (up to 8.1%) than the latter (<0.6%). Under SEM, the grains of probably these Ti-bearing minerals, which are up to a few microns in size, are commonly disseminated in the clay groundmass. At the same time, they appear to be absent in the well-crystallized kaolinite aggregates ( Figure 7A,C,D) . The anatase precipitated in the cracks or voids of the clay groundmass, indicating that anatase has been formed earlier than the well-crystallized kaolinite. 
Anatase and rutile persistently occur in all the tuff samples in relatively significant proportions, with the former being more abundant (up to 8.1%) than the latter (<0.6%). Under SEM, the grains of probably these Ti-bearing minerals, which are up to a few microns in size, are commonly disseminated in the clay groundmass. At the same time, they appear to be absent in the well-crystallized kaolinite aggregates ( Figure 7A,C,D) . The anatase precipitated in the cracks or voids of the clay groundmass, indicating that anatase has been formed earlier than the well-crystallized kaolinite.
Florencite and Other Minerals
Florencite is present in small proportions (<1%) in all of the tuff samples throughout the studied section. It may possibly have been overlooked during the microscopic examination due to its fine particle size and brightness similar to that of anatase in the SEM backscattering image.
Hematite is observed under the optical microscope, also as a replacement of pumice fragments ( Figure 7F ). Minor jarosite, generally lower than 1.5%, is present in some tuff samples, representing an oxidation product of pyrite [21, 22] .
Elements in the Samples
Concentrations of Selected Major and Trace Elements
Concentrations of rare earth elements and Y, as well as REY anomalies are listed in Table 3 . The Al 2 O 3 /TiO 2 ratio of the tuff samples ranges from 4-9.5, with an average value of 6.9. The Na 2 O/Al 2 O 3 ratio of the samples varies from 0.003-0.007, being significantly higher in the lower and, especially, upper parts of the tuff section ( Figure 9 ). This likely indicates that the ash was deposited in a continental environment influenced by marine or brackish waters. The Nb/Y ratio shows the opposite vertical trends through the tuff section to the Al 2 O 3 /TiO 2 ratio (Figure 9 ). The Nb/Ta ratio shows little variation in the samples ( Figure 9 ).
The average concentrations of TiO 2 and P 2 O 5 are 4.72% and 0.16%. They are higher than those in the tuff (3.82% and 0.055%), which is laterally correlated in the Zhongliangshan Coalfield [23] . 
Florencite and Other Minerals
Elements in the Samples
Concentrations of Selected Major and Trace Elements
Concentrations of rare earth elements and Y, as well as REY anomalies are listed in Table 3 . The Al2O3/TiO2 ratio of the tuff samples ranges from 4-9.5, with an average value of 6.9. The Na2O/Al2O3 ratio of the samples varies from 0.003-0.007, being significantly higher in the lower and, especially, upper parts of the tuff section ( Figure 9 ). This likely indicates that the ash was deposited in a continental environment influenced by marine or brackish waters. The Nb/Y ratio shows the opposite vertical trends through the tuff section to the Al2O3/TiO2 ratio ( Figure 9 ). The Nb/Ta ratio shows little variation in the samples ( Figure 9 ).
The average concentrations of TiO2 and P2O5 are 4.72% and 0.16%. They are higher than those in the tuff (3.82% and 0.055%), which is laterally correlated in the Zhongliangshan Coalfield [23] . Trace elements including V, Cr, Co, Ni and Cu are generally enriched in the studied samples, with the average concentrations of 431, 475, 47, 129 and 225 μg/g, respectively. These elements are comparable to the corresponding elements in the altered tuffs in the Zhongliangshan [23] and Guxu Coalfields [10] (Figure 1 ). These elements commonly are enriched in mafic rocks and generally indicate mafic composition of the original magma. Relative to the upper continental crust (UCC) [24] , the samples are also enriched with high field strength elements including Nb, Ta, Zr, Hf and REY, which generally indicates an alkali chemical composition of the volcanic source material.
There is no obvious overall correlation between pyrite and chalcophile elements, such as Zn, Pb and Hg, in the studied samples. However, the concentrations of Zn are highly elevated in the two lowermost samples of the profile where pyrite is the most abundant. This may simply reflect wide variations in the concentrations of these elements in the pyrite in individual samples. Trace elements including V, Cr, Co, Ni and Cu are generally enriched in the studied samples, with the average concentrations of 431, 475, 47, 129 and 225 µg/g, respectively. These elements are comparable to the corresponding elements in the altered tuffs in the Zhongliangshan [23] and Guxu Coalfields [10] (Figure 1 ). These elements commonly are enriched in mafic rocks and generally indicate mafic composition of the original magma. Relative to the upper continental crust (UCC) [24] , the samples are also enriched with high field strength elements including Nb, Ta, Zr, Hf and REY, which generally indicates an alkali chemical composition of the volcanic source material.
There is no obvious overall correlation between pyrite and chalcophile elements, such as Zn, Pb and Hg, in the studied samples. However, the concentrations of Zn are highly elevated in the two lowermost samples of the profile where pyrite is the most abundant. This may simply reflect wide variations in the concentrations of these elements in the pyrite in individual samples. [24] . Eu N /Eu N * = Eu N /(0.67Sm N + 0.33Tb N ); Ce N /Ce N * = 2Ce N /(La N + Pr N ).
Modes of Occurrence of Critical Metals
The concentration of total REY is correlated with that of P 2 O 5 , with a correlation coefficient (r) of 0.97 ( Figure 10A ). This indicates that florencite is the main carrier of REY in the samples. Total REY is also correlated with the total clay minerals (r = 0.90) ( Figure 10B ), indicating that REY is not only associated with florencite, but also closely related to clay minerals. Seredin and Dai [25] showed that clay-absorbed REY may also exist in coal and coal-bearing sequences.
The concentrations of Nb and Zr are highly correlated with the proportion of anatase (R is 0.94 and 0.98, respectively), indicating that anatase is the main carrier of Nb and Zr in the studied rocks ( Figure 10C,D) . Rare metals such as Nb and REY might be released from the original volcanic material, while Nb might substitute Ti within the Nb-bearing ilmenite/anatase replacement during volcanic ash alteration. Meanwhile, strong correlation between Nb and Ta ( Figure 10E ) indicates that they have similar modes of occurrence. This is also similar to the case for Zr and Hf ( Figure 10F ). In addition, Nb, Ta, Zr, Hf and REY are associated not only with anatase, but also occur as absorbed ions on the clay minerals, with the latter being their main carrier [6] . In comparison, these critical metals have much higher concentrations in the altered alkaline felsic tuffs from SW China [6] .
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The concentration of total REY is correlated with that of P2O5, with a correlation coefficient (r) of 0.97 ( Figure 10A ). This indicates that florencite is the main carrier of REY in the samples. Total REY is also correlated with the total clay minerals (r = 0.90) ( Figure 10B ), indicating that REY is not only associated with florencite, but also closely related to clay minerals. Seredin and Dai [25] showed that clay-absorbed REY may also exist in coal and coal-bearing sequences.
The concentrations of Nb and Zr are highly correlated with the proportion of anatase (R is 0.94 and 0.98, respectively), indicating that anatase is the main carrier of Nb and Zr in the studied rocks ( Figure 10C,D) . Rare metals such as Nb and REY might be released from the original volcanic material, while Nb might substitute Ti within the Nb-bearing ilmenite/anatase replacement during volcanic ash alteration. Meanwhile, strong correlation between Nb and Ta ( Figure 10E ) indicates that they have similar modes of occurrence. This is also similar to the case for Zr and Hf ( Figure 10F ). In addition, Nb, Ta, Zr, Hf and REY are associated not only with anatase, but also occur as absorbed ions on the clay minerals, with the latter being their main carrier [6] . In comparison, these critical metals have much higher concentrations in the altered alkaline felsic tuffs from SW China [6] . 
REY Distribution Patterns and Anomalies
The concentrations of REY are normalized to UCC, following the method and classification of Seredin and Dai [25] , in order to obtain a more clear indication of the distribution patterns ( Figure 11 ) and to evaluate the depositional and epigenetic processes. Seredin and Dai [25] classified the distribution of REY into three enrichment types, namely L-type (light REY enrichment type), M-type (medium REY enrichment type) and H-type (heavy REY enrichment type).
All of the studied samples are characterized by a light REY enrichment type and slightly positive Eu anomalies (Eu N /Eu N * of 1.09 on average) ( Table 3 ). The positive Eu anomalies correspond well to a mafic composition of the parent magma [26] . With the exception of sample 3, all of the samples have a negative Ce anomaly. The concentrations of REY are normalized to UCC, following the method and classification of Seredin and Dai [25] , in order to obtain a more clear indication of the distribution patterns ( Figure 11 ) and to evaluate the depositional and epigenetic processes. Seredin and Dai [25] classified the distribution of REY into three enrichment types, namely L-type (light REY enrichment type), M-type (medium REY enrichment type) and H-type (heavy REY enrichment type).
All of the studied samples are characterized by a light REY enrichment type and slightly positive Eu anomalies (EuN/EuN * of 1.09 on average) ( Table 3 ). The positive Eu anomalies correspond well to a mafic composition of the parent magma [26] . With the exception of sample 3, all of the samples have a negative Ce anomaly. The samples from the upper and lower parts of the profile have relatively flat REY distribution patterns ((La/Yb)N is 1.72 and 2.07 on average) and less significant Ce anomalies than those from a middle part of the profile ((La/Yb)N is 5.31 on average). Specifically, a weak Ce anomaly was observed for three topmost samples and six lowermost samples (Figure 11 ). Samples 4 to 14, however, have a relatively distinct Ce negative anomaly.
The characteristic REY distribution patterns of the Lvshuidong tuffs are different from those in the Moxinpo and Guxu Coalfields, SW China, although the tuffs from all three coalfields are laterally correlated. Both tuff samples from the Moxinpo and Guxu Coalfields mostly have positive Eu anomalies, also indicating the mafic composition of their tuffs [10, 11] . With the exception of a weak positive anomaly for one sample, the Lvshuidong tuffs show negative Ce positive anomalies, although mafic tuff generally exhibits a positive Ce anomaly. Deposition in a marine environment may lead to a negative or very weak Ce anomaly [26] ; although the REY concentrations in seawater are low and the combination mechanism of REY from seawater into peat is unknown. The interaction of volcanic ash and marine water probably has led to the leaching out of Ce from the original ash. Negative Ce anomalies are considered as an indication of a marine depositional environment [27, 28] . Negative and weak Ce positive anomalies of the Lvshuidong tuffs probably indicate that the Lvshuidong tuffs have been influenced by marine water (Figure 9 ). However, the Guxu Tuffs that exhibits a positive Ce anomaly were deposited in a continental environment showing no influence by marine water. The samples from the upper and lower parts of the profile have relatively flat REY distribution patterns ((La/Yb) N is 1.72 and 2.07 on average) and less significant Ce anomalies than those from a middle part of the profile ((La/Yb) N is 5.31 on average). Specifically, a weak Ce anomaly was observed for three topmost samples and six lowermost samples (Figure 11 ). Samples 4 to 14, however, have a relatively distinct Ce negative anomaly.
The characteristic REY distribution patterns of the Lvshuidong tuffs are different from those in the Moxinpo and Guxu Coalfields, SW China, although the tuffs from all three coalfields are laterally correlated. Both tuff samples from the Moxinpo and Guxu Coalfields mostly have positive Eu anomalies, also indicating the mafic composition of their tuffs [10, 11] . With the exception of a weak positive anomaly for one sample, the Lvshuidong tuffs show negative Ce positive anomalies, although mafic tuff generally exhibits a positive Ce anomaly. Deposition in a marine environment may lead to a negative or very weak Ce anomaly [26] ; although the REY concentrations in seawater are low and the combination mechanism of REY from seawater into peat is unknown. The interaction of volcanic ash and marine water probably has led to the leaching out of Ce from the original ash. Negative Ce anomalies are considered as an indication of a marine depositional environment [27, 28] . Negative and weak Ce positive anomalies of the Lvshuidong tuffs probably indicate that the Lvshuidong tuffs have been influenced by marine water (Figure 9 ). However, the Guxu Tuffs that exhibits a positive Ce anomaly were deposited in a continental environment showing no influence by marine water.
Discussion
Formation of the Minerals
A previous study [9] suggested that the tuff immediately underlying the K1 coal seam in the Lvshuidong mine is mainly composed of kaolinite and siderite, and this is thought to indicate the deposition of the mafic volcanic ash mainly under non-marine or at least weakly-marine conditions. Although the tuff samples in the present study are also dominated by kaolinite in the middle and lower parts of the profile, illite is also abundant in a few topmost samples. Based on the SEM examination, the illite in the uppermost profile is of authigenic origin.
The clay minerals in the middle and lower parts of the argillized tuff bed in the present study are mainly kaolinite. This is consistent with the previous study that suggested a continental environment is the main depositional condition [9] .
Altaner et al. [29] suggested that the illite/smectite (I/S) composition of K-bentonite was produced by the reaction of smectite in the original bentonite with K + in the pore fluids, with the K being derived from the breakdown of K-bearing minerals (e.g., micas and K-feldspar) in the host rock. The HRTEM studies show the transformation of smectite to I/S by hydrothermal alteration [30] . In these cases, illite and I/S in altered volcanic ash are the result of illitization of previously-formed smectite, with a mixed layer illite/smectite (I/S) being an intermediate product.
Hower et al. [31] noted that the proportion of illite layers in I/S increases with increasing burial depth in shales of the Oligocene-Miocene sediments from the Gulf Coast of the U.S., due to burial metamorphism. However, the occurrence of illite in the uppermost samples of the present study has no relationship with burial depth. The presence of a significant amount of authigenic illite probably indicates significant marine influence on the uppermost profile, which is also indicated by a higher Na 2 O/Al 2 O 3 ratio in the bulk rock compositions there (Figures 4 and 8) . What is more, illite is common in argillized tuffs deposited in a marine environment as a product of glass alteration. The alternating rims of kaolinite and illite identified in the uppermost section of the studied tuff ( Figure 7A,B) possibly indicate the multiple change of chemical conditions from acidic (formation of kaolinite) to alkaline (formation of illite) during early diagenesis, with the K + ions being supplied by marine water.
The tuff was deposited on the eroded limestone of the Maokou Formation and is overlain by the K1 coal seam of the Longtan Formation in the Huayingshan Coalfield. The Longtan formation was developed due to transgression probably during or after the main eruption phase of the Emeishan basalts in the Early Permian [3] . The marine water probably percolated to the upper part of original tuff bed during early diagenesis. The change in the influence of marine water may result in the formation of different clay minerals. A relatively alkaline environment at the top of the original tuff bed is in favor of the formation of illite. The formation of zeolite (analcite) and carbonates is also consistent with an alkaline environment.
Kaolinite and illite have been formed mainly from the devitrification of the volcanic glass. Based on the observation under SEM, kaolinite formed from phenocrysts mainly occurs as vermicular aggregates, while kaolinite making up the groundmass is relatively poorly crystallized. Chlorite and analcite are also alteration products of the volcanic glass shards. Chlorite has been reported in tuff from SW China as a replacement of kaolinite [9, 32] .
Based on the SEM data, hydrothermal alteration of ilmenite to anatase probably resulted in the crystallization of anatase and trace rutile in cracks or voids of the clay groundmass. The Ti-bearing mineral phases are associated with clay minerals in the groundmass, but are absent among the phenocryst-replacing clay minerals, based on the SEM observation ( Figures 5 and 6 ). This is probably because the alteration of the groundmass and phenocrysts occurred in different stages of diagenesis.
REE-phosphate and carbonate minerals such as florencite, rhabdophane and synchysite have been frequently reported in tuffaceous sediments, coals and associated strata from SW China and are attributed to hydrothermal alterations [6, 9, 10, 23] . This is probably also the case for the florencite in the studied samples. Altered volcanic ash usually has relatively high concentrations of phosphorus, which occurs as P-bearing and/or REE-rich minerals, such as apatite, aluminophosphate or carbonate minerals. REE-bearing fluid activities are relatively common in Lopingian coal-bearing strata in SW China [6, 9, 10, 23] , which probably have led to the formation of florencite.
Pyrite in the samples commonly post-dates earlier-formed minerals (kaolinite, illite, carbonates), which also indicates its formation during a relatively late diagenetic stage.
Chemical Composition of the Original Volcanic Ash
Immobile elements in altered volcanic ashes can be used as the provenance indicators. The relatively immobile elements in altered volcanic ashes are considered to be present as resistant mineral phases, such as ilmenite (Ti) and zircon (Zr and Hf), although ilmenite may be altered [33] . Not only the volcanogenic minerals, but immobile elements can also occur in diagenetic minerals such as kaolinite (Al) and anatase (Ti) [34] . Although smaller ions with high valence (high field strength elements) tend to be immobile, the mobility depends also on the pH, salinity and redox state of the water environment [35] .
The ratio of Al 2 O 3 /TiO 2 has been widely used as a useful provenance indicator for sedimentary rocks [36] or as an indicator of the possible volcanic component [37] [38] [39] [36] . The Al 2 O 3 /TiO 2 ratio of the samples in this study varies from 4.0-9.5, with an average value of 6.9. This tentatively indicates a mafic composition of the dominant magma source ( Figure 12A) . Part of the Al 2 O 3 /TiO 2 ratio might be attributed to the incorporation of Ti in the aluminosilicate (e.g., kaolinite) structure. The intimate association of anatase and clay minerals indicates that kaolinite and anatase may have been co-precipitated or anatase crystallized shortly after formation of the kaolinite groundmass. The high proportions of TiO 2 in the samples reflect high Ti contents in the original ash.
On the other hand, the ratio Al 2 O 3 /TiO 2 significantly varies, with the highest values occurring in the upper and lower parts, which are twice that in the middle part of the profile (Figure 9 ). Although Ti is usually considered as immobile during the formation of tonsteins or bentonite [34, 35] , the mobility of Ti depends on the pH of the depositional environment. Although TiO 2 is relatively immobile, the hydroxide (Ti(OH) 4 ) is more soluble than Al 2 O 3 at a slightly acid environment (pH of 5-6) [40] . The vertical variation in the TiO 2 ratios probably suggests that TiO 2 is more mobile relative to Al 2 O 3 . It is likely that Ti released from degradation of volcanic material (e.g., titanaugite and ilmenite) would initially be in hydroxide form and thus be relatively mobile under a moderately acid condition. The occurrence of volcanic components replaced by TiO 2 in coal samples from SW China [41] also suggests that Ti can be introduced, or at least moved around, in solutions permeating through the peat/coal after deposition in a relatively acid environment, perhaps as a more soluble Ti(OH) 4 minerals. REE-bearing fluid activities are relatively common in Lopingian coal-bearing strata in SW China [6, 9, 10, 23] , which probably have led to the formation of florencite. Pyrite in the samples commonly post-dates earlier-formed minerals (kaolinite, illite, carbonates), which also indicates its formation during a relatively late diagenetic stage.
The ratio of Al2O3/TiO2 has been widely used as a useful provenance indicator for sedimentary rocks [36] or as an indicator of the possible volcanic component [37] [38] [39] . Typical Al2O3/TiO2 ratios are 3-8, 8-21 and 21-70 to indicate parent magmas of mafic, intermediate and felsic composition, respectively [36] . The Al2O3/TiO2 ratio of the samples in this study varies from 4.0-9.5, with an average value of 6.9. This tentatively indicates a mafic composition of the dominant magma source ( Figure 12A) . Part of the Al2O3/TiO2 ratio might be attributed to the incorporation of Ti in the aluminosilicate (e.g., kaolinite) structure. The intimate association of anatase and clay minerals indicates that kaolinite and anatase may have been co-precipitated or anatase crystallized shortly after formation of the kaolinite groundmass. The high proportions of TiO2 in the samples reflect high Ti contents in the original ash.
On the other hand, the ratio Al2O3/TiO2 significantly varies, with the highest values occurring in the upper and lower parts, which are twice that in the middle part of the profile (Figure 9 ). Although Ti is usually considered as immobile during the formation of tonsteins or bentonite [34, 35] , the mobility of Ti depends on the pH of the depositional environment. Although TiO2 is relatively immobile, the hydroxide (Ti(OH)4) is more soluble than Al2O3 at a slightly acid environment (pH of 5-6) [40] . The vertical variation in the TiO2 ratios probably suggests that TiO2 is more mobile relative to Al2O3. It is likely that Ti released from degradation of volcanic material (e.g., titanaugite and ilmenite) would initially be in hydroxide form and thus be relatively mobile under a moderately acid condition. The occurrence of volcanic components replaced by TiO2 in coal samples from SW China [41] also suggests that Ti can be introduced, or at least moved around, in solutions permeating through the peat/coal after deposition in a relatively acid environment, perhaps as a more soluble Ti(OH)4 component or as organo-metallic complexes. The key parameters for claystones were also investigated using the magma source discrimination diagram of Winchester and Floyd [42] (Figure 12B ). On this diagram, the tuff samples fall in the trachyandesite and basanite/nephelinite fields, indicating an alkaline composition of the volcanic ash.
As discussed by Kiipli et al. [35] , Nb and Zr are immobile, and REE and Y are relatively mobile during alteration of volcanic ash to bentonite. REE and Y have also been noticed to be mobile in other studies [34] . In the present study, the Nb/Y ratio shows the opposite trends through the tuff section to the Al 2 O 3 /TiO 2 ratio, which indicates that Y is probably more mobile than Nb. On the other hand, little variation of the Nb/Ta ratio probably indicates that Nb and Ta have similar immobility. The mobility of Y and Ti potentially makes the use of the discrimination diagram of Winchester and Floyd [42] (Figure 12B ) less reliable as a provenance indicator. Nevertheless, the studied samples are broadly consistent with an alkaline mafic composition of the parent magma.
Potential Economic Significance of the Rare Metals in the Tuffs
The oxides of rare earth elements' (REO) concentration in the tuff samples varies from 433-1090 µg/g, with an average of 816 µg/g (Table 3 ). Most samples fall within the unpromising area, with the total REO being between 500 and 1000 µg/g (Figure 13 ). Only samples from the middle part of the section are above or close to the typical REY cut-off-grade (0.1% REY 2 O 3 ) in coal combustion wastes for by-product recovery.
during alteration of volcanic ash to bentonite. REE and Y have also been noticed to be mobile in other studies [34] . In the present study, the Nb/Y ratio shows the opposite trends through the tuff section to the Al2O3/TiO2 ratio, which indicates that Y is probably more mobile than Nb. On the other hand, little variation of the Nb/Ta ratio probably indicates that Nb and Ta have similar immobility. The mobility of Y and Ti potentially makes the use of the discrimination diagram of Winchester and Floyd [42] (Figure 12B ) less reliable as a provenance indicator. Nevertheless, the studied samples are broadly consistent with an alkaline mafic composition of the parent magma.
The oxides of rare earth elements' (REO) concentration in the tuff samples varies from 433-1090 μg/g, with an average of 816 μg/g (Table 3 ). Most samples fall within the unpromising area, with the total REO being between 500 and 1000 μg/g (Figure 13 ). Only samples from the middle part of the section are above or close to the typical REY cut-off-grade (0.1% REY2O3) in coal combustion wastes for by-product recovery.
The (Nb,Ta)2O5 of the Lvshuidong tuffs is 167 μg/g on average, which is also higher than that of marginal and industrial-grade Nb(Ta) ore deposits of weathered crust type (80-100 μg/g and 160-200 μg/g, respectively) (Specifications for Rare Metal Mineral Exploration, DZ/T 2002) . Although the abundance of REY2O3, (Nb,Ta)2O5 in the studied samples is relatively high, these elements are much lower than those in the Nb-Zr-REY-Ga-mineralized claystones in Yunnan Province, SW China [6] . The Nb-Zr-REY-Ga-mineralized claystones in the study of Zhao et al. [6] have formed from the alteration of alkaline felsic pyroclastics. This probably indicates that alkaline felsic ashes may have a higher potential as raw materials for these critical metals. This is probably caused by a higher ability of alkaline felsic altered tuff to adsorb the critical metals than tuffs of different types. 
Conclusions
The clay fractions of the Lopingian argillized tuff bed from the Lvshuidong mine, Huayingshan Coalfield, SW China, are dominated by kaolinite and illite in a few topmost samples of the profile, The (Nb,Ta) 2 O 5 of the Lvshuidong tuffs is 167 µg/g on average, which is also higher than that of marginal and industrial-grade Nb(Ta) ore deposits of weathered crust type (80-100 µg/g and 160-200 µg/g, respectively) (Specifications for Rare Metal Mineral Exploration, DZ/T 2002) . Although the abundance of REY 2 O 3 , (Nb,Ta) 2 O 5 in the studied samples is relatively high, these elements are much lower than those in the Nb-Zr-REY-Ga-mineralized claystones in Yunnan Province, SW China [6] . The Nb-Zr-REY-Ga-mineralized claystones in the study of Zhao et al. [6] have formed from the alteration of alkaline felsic pyroclastics. This probably indicates that alkaline felsic ashes may have a higher potential as raw materials for these critical metals. This is probably caused by a higher ability of alkaline felsic altered tuff to adsorb the critical metals than tuffs of different types.
The clay fractions of the Lopingian argillized tuff bed from the Lvshuidong mine, Huayingshan Coalfield, SW China, are dominated by kaolinite and illite in a few topmost samples of the profile, but are dominated by kaolinite in its middle and lower parts. In the topmost samples, kaolinite and illite not only compose the groundmass, but also occur as alternating rims of clay concretions probably after micro-lapilli (chalazoidite) and volcanic glass. Kaolinite also occurs as vermicular aggregates, which have formed from the alteration of the original phenocrysts. Concentric rings of illite and kaolinite, pyrite and carbonates suggest alterative diagenetic conditions. Although the original volcanic ash has been deposited mainly in a continental environment, marine water may have percolated to the uppermost layers of the ash bed during early diagenesis. Based on the chemical and mineralogical characteristics, the argillized tuff samples have been derived from mafic volcanic ash, which is also consistent with the occurrence of significant authigenic anatase and rutile. The noticeable mobility of Ti, REE and Y potentially makes the use of discrimination diagrams such as that of Winchester and Floyd [42] less reliable as provenance indicators.
Samples of the present study have relatively high concentrations of critical metals including Nb, Ta, Zr, Hf and REY, which are comparable with their respective typical marginal and industrial grade. However, the concentrations of these elements are much lower than those in the alkaline felsic volcanic layers in SW China. This probably indicates that the latter may have a higher potential as raw materials for these critical metals. This is probably caused by a higher ability of alkaline felsic altered tuff to adsorb the critical metals than tuffs of different types.
